ABSTRACT: The impact of bioturbation by the lugworm Arenicola manna on sediment microflora and biochemical activities was investigated in intertidal sediments of the North Sea. Burrow walls and fecal casts were compared with surface and subsurface sediment surrounding the burrows. At the main study site burrow walls contained twice as much organic matter as the sediment surface. Viable counts of aerobic proteolytic and chitinolytic bacteria peaked at external and internal boundary layers (sediment surface and burrow walls). Burrow walls showed maximal bacterial production (incorporation of tritiated thymidine into DNA), maximal microheterotrophic activity (incorporation and mineralization of glucose and acetate) and highest levels of certain hydrolytic enzymes (alkaline phosphatase and sulfatase). Rates of chemoautotrophic COz fixation in both burrow walls and surrounding subsurface sedment were 3 to 4 times higher than at the sediment surface, suggesting a short-cucuited CO2 turnover driven by an elevated catabolism. In a second, more polluted study area, burrow walls were again the main site of microheterotrophic activity, but only minor differences were noted for CO2 fixation. Biogeochemical consequences of bioturbation by A, marina could be understood essentially as a shifting of catabolic and anabolic microbial activity peaks from the top to subsurface layers, where burrow walls showed the most conspicuous effects. Nevertheless, protease peaks in the fecal casts indicated also that this shifting pattern can be reversed for certain parameters.
INTRODUCTION
It is widely assumed that macrofaunal burrowing in marine sediments has a stimulatory effect on microbial growth and metabolic activities (Hargrave 1970 , Aller & Yingst 1978 , Hylleberg & Henriksen 1980 , Momson & White 1980 , Yingst & Rhoads 1980 , Hines & Jones 1985 , Kikuchi 1986 , Reichardt 1986a , although exceptions to this rule are evident (Bianchi & Levinton 1981 , Hanson & Tenore 1981 , Pearson 1982 , Alongi 1985a , Alongi & Hanson 1985 .
In organically enriched environments, macrofaunal control of microbial production and activity may become negligible (Bianchi & Levinton 1981 , Newell 1982 , Alongi & Hanson 1985 , indicating the weakening of an important food chain linkage (Tenore & Hanson 1980 , Newell 1982 . Thls influence of elevated nutrient levels has been noted, in particular, for pioneering surface-deposit-feeders. In contrast to deep-dwelling 'equilibrium macrobenthos' the meiofauna and microflora associated with those early colonizers has, like the latter, been shown to exhibit considerable resilience to physical disturbances (Christian et al. 1978 , Alongi 1985a .
Arenicola marina, one of the most conspicuous macrofaunal inhabitants of the Wadden Sea sediment, is a funnel-type surface-deposit-feeder (Kriiger 1966) and occurs in pristine as well as polluted intertidal sediments of the North Frisian Wadden Sea. A. marina burrows are enrichment sites for unique meiofaunal assemblages (Reise 1981 , Scherer 1985 . A direct impact of A. marina on the microbial communities in Wadden Sea sediment can be postulated (Reise 1985) , but quantitative evidence for stimulating effects on microbial production and biogeochemical activities is lacking.
Most investigators of infauna-microflora relationships have focussed primarily on microbial production and related food chain aspects (e.g. Hanson & Tenore 1981 , Levinton & Bianchi 1981 , Alongi 1985a , b, Alongi & Hanson 1985 , Kemp 1987 . Less attention has been paid to the biocatalytic potential of a macrofauna-controlled microflora (e.g. Hargrave 1970 , Aller & Yingst 1978 , Hylleberg & Henriksen 1980 ). Polychaete-dominated sediments have been noted for their increased production of CO2 (Kikuchi 1986). Hanson & Tenore (1981) suggested that significant losses of carbon from food webs occurred in the absence of reversed processes such as CO2-fixation by chemoautotrophic bacteria (Hanson & Tenore 1981) . Therefore this investigation deals with CO2-production (mineralization) by microheterotrophs as well as CO2-fixation by chemoautotrophic microbial comunities. Instead of comparing large sediment areas with and without significant bioturbation (Hines & Jones 1985) , a small-scale approach was chosen to exclusively analyse microbial activities in sediment zones that were directly affected by the bioturbating animal (burrow walls, fecal casts) and in adjacent zones serving as controls. This also included CO2 dark fixation as a measure of primary synthesis of organic matter by the sediment microbiota or, essentially, chemautotrophic bacterial production. Finally, assays for extractable enzyme activities were designed to provide further biochemical clues concerning the degradation of organic matter. However, in t h s case differentiation between microbial and non-microbial sources was impossible.
Since the chosen study area (Westerhever Sand) appeared rather pristine, complementary investigations were carried out at a more polluted site (List) to examine the impact of higher organic loading on microbial release and assimilation of COz.
Materials and Methods
Sampling. Study sites were situated at Westerhever Sand (WHS), a n intertidal sand flat off the Eiderstedt peninsula (54" 22.0' N, 8" 38.4' E ) , and at the northern tip of the island of Sylt 54" 51.7' N, 8" 3.4' E) in the North Frisian Wadden Sea (North Sea). Samples from burrow sites of the lugworm Arenicola manna were collected within sampling areas of approximately 10 000 m2 during June and July 1987 at water temperatures between 13 and 17 "C.
During low tide, burrows with dark fecal casts were dug out, to obtain sets of 4 different zones of sediment from each of n = 6 (I-1st) or n = 10 (WHS) sampled burrow sites. The following 4 zones were sampled: (1) fecal casts; (2) an approximately 2 mm thick layer of the sediment surface; (3) an approximately 2 mm thick brownish surface layer of the vertical tail shaft and beginning parts of the gallery (Reise 1981) ; and (4) the reduced (black or greyish) subsurface sediment surrounding the burrows at 1 to 5 cm depths.
For most analytical procedures, samples were collected in sterile 1.0 cm3 sawn-off syringes for distributing 0.1 cm3 aliquots. Undisturbed subsamples, with intact surfaces as used for CO2 fixation measurements, were obtained as l cm2 subsample discs. These were punched out from 2 to 3 m m thick sediment layers using a cork borer and scalpellum. Each disc was transferred into the fitting holes of tissue culture multiwell plates (Linbro).
Laboratory analyses. Samples were processed within 30 min of sampling in laboratories located w i t h a short walking distance of the sampling sites. Redox measurements in combined samples were done using a n Ingold platinum electrode. Organic matter content was determined as ash-free dry weight after combustion (24 h at 500 'C) of dried (65 "C) combined (0.5 cm3) subsamples. Pooled, cornbusted samples were further used for grain-size fractionation according to the Wentworth scale. Protein concentrations were analysed in 0.1 cm3 subsamples using a modification of Lowry's method (Herbert et al. 1971 ) with bovine serum albumin as reference standard. Photometric absorbance at 750nm was measured after centrifugation (5000 X g, 15min) of the reaction mixture.
Direct bacterial counts were based on a modification of the acridine orange epifluorescent technique by Rublee & Dornseif (1978) , except that dispersion was accomplished by ultrasonication (3 X 5 s at approximately l00 W).
Viable counts of bacteria involved in the decomposition of detrital biopolymers were represented by proteolytic and chitinolytic bacteria (Reichardt 1988) . The latter group was included for the particular importance of chitin as structural polysaccharide in macro-and meiofauna and for the potential role of this compound as a microbially digestible food source in benthic grazing.
Incorporation of tritiated thymidine into bacterial DNA was determined by incubating of 0.1 cm3 of sediment with 20 pl (370 X 106 kBq) methyl-(3H)-thymidine (740 X 103 kBq umol-') for 30 min at in situ temperature, using samples containing 6 % formaldehyde as blanks. After 2 subsequent washes and centrifugation with 10ml of 4 formaldehyde, the concentration of thymidine incorporated into bacterial DNA was determined according to Findlay et al. (1984) .
Rates of CO2 dark fixation were measured in multiweU plates containing undisturbed surface samples of 2 to 3 m m thickness (see above). These were incubated for 30min in the dark at in situ temperature with 200 pl (74 kBq) of 14C-labeled sodium bicarbonate (specific activity: 2194 kBq pmol-') in 1.5 m M non-radioactive NaHC03, pH 10.2). Parallel subsamples were poisoned with 2 0 m M iodoacetamide, a n inhibitor of ribulose-1.5-bisphosphate carboxylase (RubisCo), to obtain, as far as poss~ble, a blank for non-chemoautotrophic and RubisCo-independent CO2 fixation (Reichardt unpubl) . Incubation was terminated by adding 0.1 m1 of concen- trated formaldehyde and 1 N H2S04 sufficient to lower the pH to 2.0. The sediment was taken up in 10ml of filtered seawater, centrifuged (15min at 6000 X g) and the pellets dried at 60 'C. Weighed amounts were combusted using a Packard 14C-sample oxidizer for liquid scintillation counting (Beckmann LS 100). Quench corrections were based on external standard and channels ratios. Total carbonate concentrations available in the assay were calculated from carbonate alkalinity of the pore water (Gargas 1980) . Microheterotrophlc activity was determined as simultaneous incorporation into macromolecular pools and mineralization to CO2 of 14C-labeled glucose or acetate. Each sediment sample (0.1 cm3) was incubated for 30 min at in situ temperature with 100 p1 aliquots of 14C(U)glucose (11.1 kBq; 163 kBq pmol-l) and 14c(u)acetate (11.1 kBq; 89 kBq pmol-l) dissolved in sterile artificial seawater. Potenti?.! mir,er?.!izat'=n ratcs were measured according to Reichardt & Morita (1982) ; potential incorporation rates were obtained from the same assay after acidification, centrifugation, and combustion in a Packard I4C-sample oxidizer (see previous paragraph).
Enzyme assays were run with sediment extracts in ice-cold tris-HC1-buffered 2 % triton-X-100 (Reichardt 1986b) . In assays for alkaline phosphatase and sulfatase (2 to 4 h at 20 "C) the correspondng nitrophenylesters served as substrates (Oshrain & Wiebe 1979 , Degobbis et al. 1986 ). Scleroprotease activity was meas- Table 2 . Redox potential ( E h , mV) and total organic matter (OM; mg cm-3 of ash-free dry weight) in 4 sampling zones at Arenicola marina burrow sites at Westerhever Sand (WHS) and List. (Mean values of n = 3 pooled samples)
Sampling zone ured with the particulate 'hide powder azure' (Sigma) substrate (Reichardt 1986b) .
RESULTS

Physicochemical parameters and bacterial densities
The 2 study sites were characterized by different grain size distributions: fine sand prevailing at Westerhever Sand (WHS), and coarse to medium sand at Llst (Table 1) . As indicated by ash-free dry weights, the coarser-grained sediment at List was more reduced and contained higher amounts of organic matter accumulating below the surface at both sites (Table 2) . Whereas the less polluted sediment (WHS) showed its maximum organic matter content in the burrow walls (F-test, p = G . G 5 j , organic ii~aiier corlcenirations oi the more polluted sediment ( h s t ) peaked in the reduced subsurface section.
At WHS, protein concentrations and ash-free dry weight showed similar patterns. These parameters were not reflected by densities of (aerobic and faculta- at the top sediment layer ('S') as well as in the burrow walls ('BW') without significant differences between 'S' and 'BW'. Epifluorescent microscopic direct counts (AODC), in particular, were subjected to great variations (Table 3) and revealed no significant difference (F-test, p = 0.05).
According to microscopical evidence, this was at least partly due to microscale heterogeneity of the distribution of bacterial cells. Especially in burrow wall samples, cells were often found in clumps adhering to pellicular substrata.
Anabolic bacterial activities
Rates of (iodoacetarnide-inhibitable) CO2 dark fixation peaked in the subsurface layers of both study sites, where they showed a higher degree of variability than at the sediment surface (Fig. 2) . Differences between burrow walls and adjacent sediment were not significant (F-test, p = 0.05). In the less polluted area ( Fig. 2; 'B') fecal casts contributed to a local increase of CO2 fixation on the sediment surface. 
,.
.~.
. In contrast to CO2 fixation as a measure of largely chemolitho-autotrophc bacterial biosynthesis, incorporation of tritiated (methyl)-thymidine (tdr) into bacterial DNA peaked significantly (F-test, p = 0.05) in the burrow walls (Fig. 3) . Thls maximum of bacterial production exceeded rates in subsurface sediments surrounding the burrows by roughly one order of magnitude. Fecal casts revealed significantly higher rates than subsurface sediment (where this material originated from); however, in contrast to CO2 fixation ( Fig. 2; 'B'), rates of tdr incorporation at the surface were higher than in fecal cast material (F-test, p = 0.05).
Microheterotrophic utilization of glucose and acetate
Relative activities of incorporation and mineralization of glucose declined steeply from the surface toward subsurface layers at the less polluted site ( Fig. 4; 'B' ). This was much less pronounced at the more polluted site (Fig. 4; 'A' ). In both cases, however, the burrow walls were most active in mineralizing glucose and incorporatmg it into microbial cells (F-test, p = 0.05). A similar pattern of microheterotrophic activ-ity was noted for acetate utilization at the less polluted 10 50 nmoles cm" h" L, 100 150 , l l study site (Fig. 5 ). The differences between surface sediment and fecal casts were rather insignificant for both substrates ( Further details in Fig. 1 Enzyme activities
Activities of extractable alkaline phosphatase and sulfatase followed essentially the same trend as microheterotrophic utilization of glucose and acetate. Fecal casts, however, turned out to be 7nnes with the strongest enzymatic potential to degrade particulate (sclero-)proteins (Fig. 6) .
DISCUSSION
Evidence for bacterial enrichment?
Disturbances are considered as mechanisms to keep parts of any ecosystem at a high state of productivity . Bioturbation of the sea floor by burrowing macroinvertebrates comprises physical as well as chemical changes in those zones of the sediment that are affected by metabolic activities of the infauna. Correspondingly, microbial enrichment processes in bioturbated marine sediments have been attributed to both physical distufbances (Eckman 1985 , Findlay et al. 1985 , and infaunal metabolism (Driscoll 1975 , Yingst & Rhoads 1980 , Alongi & Hanson 1985 , Reichardt 1986a . If bacterial enrichment is linked to certain macroinvertebrates, specific responses of these to physical disturbances also need to be considered (Woodin 1978 , Thistle 1981 . Since burrows of Arenicola manna are known as enrichment sites for lncorporatlon /- meiobenthic bacteriovores (Reise 1981 , Scherer 1985 , a rapid turnover of bacterial biomass can be anticipated. Differences between bacterial cell densities obtained for sediment zones affected by the lugworm (burrow walls and fecal casts) and those s e M n g as unaffected controls (sediment surface and reduced bulk sediment) were rather weak ( Table 3 ). This lack of evidence for strong enrichment may be explained by meiofaunal and microfaunal grazing pressure. However, bacterial counts were subject to high statistical errors, especially heterogeneous group of organisms. In contrast to selective viable counts, total counts cannot provlde any insight into microbial funchons in nutnent cychng. It is likely that bacterial distribution patterns were directly linked to the metabolic activities of the polychaete. Thus, passage through the guts of sediment-feeding macrofauna is known as a selective force that reduces viable cell counts of certain bacteria (Wavre & Brinkhurst 1971) . In the present study, viable counts for aerobic biopolymer-degrading bacteria in fecal casts were also reduced as compared to burrow walls and sediment surface, but not in relation to subsurface sediment surrounding the burrows (Table 2 ; Fig. 1 ). Coincident peaks for viable counts of proteolytic bacteria at the sediment surface and burrow walls suggested an intrusion from 'external' surfaces. It seems unlikely that the moderate decrease of redox potential (Eh) (Table 2) accounted entirely for the drastic decline of aerobic viable counts (which do include facultative anaerobes) in the reduced zones.
Thymidine incorporation
Production of bacterial biomass as measured by incorporation of tritiated (methy1)thymidine (tdr) into bacterial DNA peaked in the burrow walls. Similarly, s e d m e n t tubes of the capitelhd polychaete Capitella capitata also showed significantly higher rates of tdrdependent bacterial production than adjacent parts of the sediment, although bacterial densities were not different (Alongi 1985b) . In this case, protozoan rather than meiofaunal grazing has been suggested as predominant mechanism controlling bacterial densities.
Macrofaunal grazing of sediment bacteria is well known in connection with the feed-back mechanism of 'gardening' (Hylleberg 1975) . Still, estimates of bacterial contribution to macrofaunal diet are rare. Bacterivorous holothurians may eat 20 to 50 mg of bacterial carbon per day, which is equivalent to 10 to 40 % of the total bacterial production in their habitat (Moriarty et a1 1985) . Yet, such short-circuited bacteria-macrofauna food chains seem to play a minor role. There is growing evidence against the notion of bacteria as a direct, principal food source of depos~t-feeding marine infauna (Cammen 1980 , Levinton & Bianchi 1981 , Wetzel & Christian 1984 , Alongi 1985b , Kemp 1987 . Considering the abundance of meiofauna in Arenicola burrows (Reise 1981 (Reise , 1987 , it seems likely that, in this case too, macrofaunal grazing on bacteria can be ruled out as the primary mode of feeding in this study.
Based on a conversion factor of 1.1 X 1018 cells per mole of tdr incorporated into bacterial DNA (Riemann et al. 1987) , the maximum bacterial production the burrow walls of Arenicola marina could account for is 7.6 X lo7 cells cm-3 h-'. Underestimates arising from greater densities of non-reactive anaerobes (Moriarty 1984 ) may be expected, in particular, for the more reduced zones. On the other hand, in a similar case of superficially oxidized burrow walls of Nereis diversicolor, the adjacent reduced sediment showed no significant differences in terms of phospholipid fatty acid biomarkers for anaerobic and sulfate-reducing bacteria. Incidentally, the same applied also to microfaunal biomarkers (Reichardt 1987 ).
Carbon dioxide dark fixation
As sites of steep oxygen gradients ensuring a continuous supply of potential electron donors, burrow walls may stimulate chemolithoautotrophic bacteria (Yingst & Rhoads 1980 , Reichardt 1986a . Furthermore, measuring chemoautotrophic CO2 fixation rates could also provide a production estimate of a selected group of bacteria.
At both study sites, burrow walls of Arenicola marina showed 1.6 to 3.7 times higher CO2 fixation rates than the corresponding surface sediments (Fig. 2) . However, measurements in the burrow walls were subject to high variability, and the results obtained were not significantly different from the surrounding sediment. This contrasted with earlier investigations in which burrow walls of Nereis diversicolor proved to be the most active sites of CO2 dark fixation. This process was mainly driven by chemolithotrophic oxidation of reduced sulphur which followed a gradient within the burrow wall layers; the innermost, nearly anoxic layer showing maximal activity (Reichardt 1986a) . Considerably thicker burrow wall samples were examined in the case of A. marina. Therefore existing activity gradients within the brown 2 to 4 mm thick walls (Reise 1981) might have been overlooked.
According to the literature, evidence for enhanced chemoautotrophic activities in polychaete burrows is mainly related to nitrification, an aerobic process , Sayama & Kunhara 1983 , Kristensen et al. 1985 . On the other hand, diffusive oxygen fluxes from aerated water into the sediment tend to decline most rapidly (Jorgensen & Revsbech 1985) , and anaerobic microbial activities may predominate even in the outer burrow walls of deposlt-feeding polychaetes (Aller & Yingst 1978) . Considering the often negligible differences between COz-fixation rates in burrow linings and the reduced sediment surroundng them, it becomes likely that (facultative) anaerobes were responsib1.e for most of the chemoautotrophic activity. Certain sulphur-oxidizing thiobacilli (e. g. Timmer-ten Hoor 1975) as well as Beggiatoa (Nelson et al. 1986) belong to this group.
Microheterotrophic activities
Close-circuited bacteria-based food chains would require CO2-consuming chemoautotrophs to maintain their carbon flow (Hanson & Tenore 1981) . Microheterotrophic mineralization of DOM constitutes a major source of CO2. Potential CO2 production from glucose or acetate in the burrow walls proceeded 3 to 8 times faster than in the ambient sediment (Figs. 4 and  5) . In addition to these microheterotrophic activities, CO2 output from the polychaete itself must be also taken into account (Kikuchi 1986) .
The present investigation deals with potential rates of CO, evolution from glucose and acetate as model substrates for dissolved organic matter (DOM). Thus, only a relative measure was obtained instead of real in situ nlineralization rates. Measured rates of CO2 production from the 2 substrates employed should be referred to as 'apparent' mineralization to avoid misleading conclusions about the in situ carbon flow (King & Berman 1984) . The percentage of CO2 of the total amount of glucose incorporated ranged from 26 to 39 %. This corresponded with similar measurements in coastal marine sediments (Novitsky & Kepkay 1981 , Novitsky 1983 ). Yet, estimates based on mass balances may be twice as high ( f i n g & Berman 1984). Further potential underestimates of real in situ CO2 production resulted from measuring only net rates.
Heterotrophic utilization of glucose and acetate revealed quite similar distribution patterns (Figs. 4 and 5). They also coincid~d with bacteria! prcdl~cticr. estimates based on incorporation of tdr into DNA (Fig.  3 ). Great differences of microheterotrophic activities occumng between burrow walls and surrounding sediment (Figs. 4 and 5) did not correspond with total organic matter or protein contents (Tables 2 and 3 ). This may indicate that the heterotrophic microflora in the burrow walls was particularly adapted to large fractions of easily available DOM.
Activities of hydrolyzing enzymes
Microbial substrates accumulating in burrow Linings are partly excretion products of the burrow inhabitants (Johannes 1964 , Zola 1967 , Defretin 1971 , Daly 1973 . Enzymes which can hydrolyze such compounds are not confined to microbial sources (Zottoli & Camker 1974 , Reichardt 1986b ). Excretion of the 3 enzymes investigated in the present study by Arenicola marina is possible (Johannes 1964 , Oshrain & Wiebe 1979 , and for proteases most likely (Zottoli & Carriker 1974) .
Contrasting activity patterns obtained for alkaline phosphatase and sulphatase on one side, and scleroprotease on the other, were most striking (Fig. 6) .
Proteases are hypothesized to play a role in purging inner polychaete tube surfaces (Zottoli & Carriker 1974) . In the present study, distribution patterns for scleroprotease activities pointed to the gut of the polychaete as the main enzyme source. Activities in the fecal casts reached 5 to 3-fold higher levels than in burrow walls and sediment surface, respectively. This may indicate the existence of a potent output mechanism for an essential biocatalyst which is based on bioturbationdriven transport from subsurface zones to the primary accumulation site for sedimenting particles.
Alkaline phosphatase and sulphatase, on the other hand, peaked in the burrow walls. Although the biodegradative potential is usually concentrated in the burrow walls, the excretion of pertinent enzyme substrates by polychaetes should also be considered as a factor controlling the levels of these enzymes. For some polychaetes excretions of sulphomucopolysaccharides and phosphate-rich polysaccharides is documented (Zola 1967 , Defretin 1971 ).
General aspects
Bell-jar experiments near one of the study sites ( h s t ) show a significant influence of Arenicola marina on the remobilization of nutrients (Asmus 1986) . According to field studies of other shallow water sediments, bioturbation by polychaetes and bivalves may account for 3-to 5-fold increases in nutrient turnover that is mediated by Sacte;-lci (Hiiies & Jones i985j. Tile present study considered the impact of one predominant bioturbator on microbial and biogeochemical activities. This also implied a smaller scale approach that had already proven useful in tracking meiobenthic populations (Reise 1987) .
As to be expected (Aller & Yingst 1978 , Yingst & Rhoads 1980 , Reichardt 1986a , most of the bioyeochemical parameters showed peaks in the burrow walls. Steep Eh gradients at these 'microsites' have been cited as major determinants of bacterial, and particularly, chemoautotrophic growth (Yingst & Rhoads 1980 , Reichardt 1986a . Nevertheless, the influence of other environmental factors should not be underestimated, as for example diffusive permeabihties and molecular sieve effects of mucoid burrow linings (Aller 1983) , and the accumulation of organic matter at the burrows (Tables 2 and 3) . As sediment volumes served as a reference basis for all the data presented, impacts of porosity were not taken into account. However, dry weight contents per cm3 differed only by 0.1 to 1.7 O/O between the 4 sediment sections examined. Hence, putting the volume-based data on a dry weight basis would not lead to substantial changes of the relative differences.
Stimulation of anabolic processes in t h e burrow walls w a s mainly d o c u m e n t e d by elevated rates of tdr incorporation into bacterial DNA. Further considerations of t h e role of bacterial production i n burrow wall-linked food w e b s , however, w e r e beyond t h e scope of this s t u d y which focused o n microbial biogeochemical activities. Nevertheless, a b u n d a n c e of bacterivorous meiofauna in Arenicola marina burrows (Reise 1981 (Reise , 1987 indicates t h e existence of an efficient 'small food w e b ' (Kuipers e t al. 1981) . In a previous investigation (Reichardt 1987) , intensive grazing on bacteria i n burrow walls of Nereis diversicolor w a s indicated b y elevated levels of poly-p-hydroxybutyrate. A t t h e s a m e time, phospholipid fatty acid biomarkers for bacteria a n d microfauna (protozoa) reflected n o increments of t h e s t a n d i n g crops. This may suggest that rneiofaunal grazing played a n important role in those benthic e nvironments.
W h e r e a s a positive feed-back mechanism b e t w e e n deposit-feeding burrowing macrofauna a n d bacterial decomposers (Yingst & Rhoads 1980 ) s e e m s to function only w h e n t h e detritus supply is low (Hanson & Tenore 1981 ), higher detritus availability m a y c a u s e a n uncoupling (Bianchi & Levinton 1981 , Alongi & Hanson 1985 . A comparison of t h e 2 study a r e a s supports this view a t least with respect to anabolic activities represented b y C O 2 d a r k fixation. O n t h e o t h e r h a n d , heterotrophic activities in t h e sewage-affected study a r e a indicated macrofaunal control. A t both places, subsurface p e a k s of major anabolic a n d catabolic processes could b e explained b y bioturbation-driven d o w n w a r d shifting of microbial a n d enzymatic activities. Elevated scleroprotease levels in t h e fecal casts indicated further that, for a t least certain processes, t h e direction w a s reversed.
T h e relative significance of physical perturbation a n d nutrient availability in bioturbated sediments for microbial communities a r e still u n d e r discussion (Aller & Yingst 1978 , Christian e t al. 1978 , White 1985 , Alongi 1985a . T h e present study emphasizes t h e importance of lugworrn burrows as transport a n d accumulation sites for organic matter, thus f a v o n n g a short-circuited CO2 turnover b e t w e e n heterotrophic a n d chemoautotrophic microbial communities.
